An Integrated Laboratory Method to Measure and Verify Directional Hydraulic
Conductivity in Fine-to-Medium Sandy Sediments by Cai, Jialiang et al.
Methods Note/
An Integrated Laboratory Method to Measure
and Verify Directional Hydraulic Conductivity
in Fine-to-Medium Sandy Sediments
by Jialiang Cai1, Thomas Taute2, Enrico Hamann2, and Michael Schneider2
Abstract
The constant-head permeameter test (CHPT) is widely used in sandy samples as a standard method in the
laboratory to investigate hydraulic conductivity (K ). However, it neither can be used to consistently determine
directional hydraulic conductivity (DHC) nor guarantee the comparability of measured K values of samples with
different sizes. Therefore, this paper proposes an integrated laboratory method, called modified CHPT (MCHPT),
for the efficient determination and verification of consistent DHC values in fine-to-medium sandy sediments,
based on a new methodological framework. A precise and standardized procedure for preparing the experimental
setup of MCHPT was conducted, based on the integrated experimental setup of CHPT and tracer tests. Moreover,
a formula was yielded for the time-optimized sample saturation control. In comparison with grain size-based
methods, the validity of consistent K h and K v values determined by MCHPT was convincing.
Introduction
Hydraulic conductivity (K ) is one of the most
important sediment properties in terms of hydrogeolog-
ical issues; it controls many hydrological processes and
usually directionally varies with space in a geologic
formation. Knowledge of K and its two-dimensional
anisotropy, defined as the ratio of horizontal to vertical
hydraulic conductivity (K h/K v), is commonly considered
crucial to meaningfully understand and quantify water
flow and chemical transport in sediments. Therefore, it is
essential to measure the directional parameter. However,
one of the challenging tasks hydrogeologists face today
is the high-resolution characterization of directional
hydraulic conductivity (DHC) in sediments (Vienken and
Dietrich 2011).
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A variety of laboratory and field methods used in
sediments have been reported to yield approximations of
K , including grain size analyses (Seelheim 1880; Hazen
1892; Terzaghi 1925; Carman 1937; Kozeny 1953; Hu¨tte
1956; Beyer 1964; Ko¨hler 1965; Kaubisch and Fischer
1985; Kaubisch 1986; Vukovic and Soro 1992; Kasenow
2002; Chapuis 2004), permeameter tests (Hvorslev 1951;
Freeze and Cherry 1979; Todd and Mays 2005), slug and
bail tests (Cooper et al. 1967; Bouwer and Rice 1976;
Hyder et al. 1994; Butler 1998), pumping tests (Theis
1935; Cooper and Jacob 1946; Chow 1952; Neuman 1975;
Moench 1995) and borehole flow-meter tests (Molz et al.
1994; Young and Pearson 1995; Molz and Melville 1996).
However, comparison of the K values obtained by diverse
methods is difficult owing to the fact that determined K
values represent different spatial scales and, what is more
important in our study, they all fail to measure DHC
consistently. Grain size analyses deliver nondirectional
K values as the natural sediment structure is destroyed
during the determination of grain size distribution, for
example, the sieving process (Cheng and Chen 2007; Song
et al. 2009). Owing to the induction of predominantly
horizontal flow patterns, slug and bail tests, pumping tests,
as well as borehole flow-meter tests can only estimate K h
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Figure 1. Location of study site and sampling point BEE212UP.
values (Paradis and Lefebvre 2013). Permeameter tests
can optimally provide K v and K values in the case of
undisturbed and disturbed samples respectively, while it
is beyond their capacity to provide K h values (Wojnar
et al. 2013). Thus, an appropriate method for measuring
DHC in sediments and therefore obtaining K v and K h
values consistently is highly desirable.
Because of the fact that measuring DHC requires
undisturbed samples, permeameter tests arise as an
appropriate method. They have been demonstrated to be
(1) suitable for a sample size of centimeters to decimeters
(Wojnar et al. 2013), (2) reliable with regard to measure-
ment precision (Paradis and Lefebvre 2013), (3) control-
lable over sample saturation (Madsen et al. 2008), and (4)
economical with low-cost devices (Fallico et al. 2010).
Concerning sandy samples, the constant-head perme-
ameter test (CHPT) is widely used as a standard method
in the laboratory, based on the measurement of the one-
dimensional steady-state water flow through a sample with
a constant hydraulic gradient and the direct application of
the Darcy equation to investigate K (Klute and Dirksen
1986; Xiang 1994). Considering sandy soils, the two-
core method (Dabney and Selim 1987; Bathke and Cassel
1991; Dorner and Horn 2006; Petersen et al. 2008) and the
modified cube method (Beckwith et al. 2003; Bagarello
et al. 2009) are commonly used in CHPT for obtain-
ing undisturbed samples to secure the values of DHC.
However, both of these are only practical for sampling
near-surface soil rather than at greater depths (Bagarello
et al. 2009). Our previous investigations in fine-to-medium
sandy sediments have shown that CHPT is still unsuit-
able for consistently determining the DHC of samples
with different sizes. Moreover, a precise and standardized
procedure for preparing the experimental setup has not
yet been reported, for example for dimensioning the tub-
ing to ensure laminar flow conditions, as required for a
Darcy equation-based method. Hence, it is essential to
modify CHPT to be able to measure DHC in fine-to-
medium sandy sediments with variable sample sizes of
centimeters to decimeters consistently.
The principal aim of this research, therefore, was
to establish an integrated laboratory method, called
modified CHPT (MCHPT), for the efficient determination
and verification of consistent DHC values in fine-to-
medium sandy sediments based on a new methodological
framework. The specific objectives were to (1) develop
a new method to obtain undisturbed core samples with
several centimeters to decimeters in length, (2) modify the
experimental setup and procedure of CHPT to determine
consistent K h and K v values with different sample sizes,
(3) validate the accuracy of the developed method and
modifications, and (4) provide an efficient, precise, and
applicable methodological framework of MCHPT for
general determination and verification of DHC values in
fine-to-medium sandy sediments.
Sediment Sampling
The samples were taken from a freshwater aquifer in
southwestern Berlin, Germany (Figure 1). The geological
conditions at the site are characterized by quaternary
unconsolidated fluvio-glacial sandy sediments.
The borehole-drilling work was conducted at a depth
of 170 m below the surface. The percussion drilling
method (Urban 2002) was used to allow the retrieval
of undisturbed core samples in liners with a diameter
of 10 cm and a length of 1 m. During the drilling work,
the groundwater level was ∼3 m below the surface. Six
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Figure 2. Grain size distribution of 25-cm core samples
(25CS). (1) A–F represent six 1-m undisturbed core samples
from the depths of 111–112, 112–113, 113–114, 114–115,
147–148, and 148–149 m below the surface, respectively; (2)
the numbers 0–25, 25–50, 50–75, and 75–100 mean a 25CS
sample with a depth from 0 to 25, 25 to 50, 50 to 75, and 75
to 100 cm, respectively.
1-m-deep undisturbed core samples (A to F) from depths
111 to 112, 112 to 113, 113 to 114, 114 to 115, 147 to
148, and 148 to 149 m below the surface were obtained.
Meanwhile, the circulation drilling method (Urban 2002)
was used to investigate the general sedimentary profile of
these core samples by taking disturbed mixed cup samples
of every meter, which showed that each 1-m core sample
itself was without layering and could therefore be assumed
to be homogenous. From the grain size analyses shown in
Figure 2, core samples A, B, C, and D were dominated
by fine sand, and E and F by medium sand.
Principle and Applicability of CHPT
In the experimental setup of CHPT (Figure 3), a
core sample of length (L) and a cross-sectional area (A)
are enclosed between two porous plates and sieves in
a cylinder. A hydraulic constant-head differential (H ) is
imposed across the sample of L, and the resulting flux of
water is measured. A simple application of Darcy’s law
leads to the expression
K = Q × L
A × H (1)
where Q is the volumetric flow rate, measured as the
volume of water (V ) that flows through the sample of
A in time t .
CHPT can be used with undisturbed or repacked core
samples (Klute and Dirksen 1986). The sizes of core
samples may vary. However, it is reasonably practical
with diameters in the order of 2 to 10 cm and lengths
of 5 to 25 cm for measurements in the laboratory (Klute
and Dirksen 1986).
CHPT is best suited to sandy samples with K values
>1.7 × 10−6 m/s (K min) based on the magnitudes of K
related to the sample materials as well as the appreciable
measurement error of the volumetric flow rate (Klute
1965). Besides, it is necessary to restrict the hydraulic
gradient (i ) to values less than 1 for applying the
Darcy equation in sandy samples, because it should be
valid when the inertial forces on the fluid are negligible
compared to the viscous forces (Hubbert 1957; Klute and
Dirksen 1986).
Owing to the fact that there is no standardized
laboratory experimental setup and no quality check, the
comparability between samples of different sizes as well
as of different researchers cannot be guaranteed.
Methodological Framework of MCHPT
The methodological framework of MCHPT consists
of four parts: (1) preparation and validation of undisturbed
core samples, (2) determination and validation of K v
values, (3) adaptation of the experimental setup and
procedure, and (4) determination and validation of K h
values (Figure 4).
Preparation of Undisturbed Core Samples
and Validation
Procedure
Each 1-m undisturbed vertical core sample was cut
through into four 25-cm core samples (25CS) (Figure 5).
The 25CS samples including the core shields were taken
for measuring K v.
To prepare samples for the determination of K h
values, the half core shields of the 25CS samples were
horizontally cut off and removed without damaging
the inner sediments. At that time the nonexistence of
layering in all the 25CS samples for warranting their
homogeneity could be verified. Then three horizontal
cylindrical samples (6.5CS) were taken from each 25CS
sample with a length of 6.5 cm and a diameter of 3.8 cm
(Figure 5).
Validation
As Klute and Dirksen (1986) suggested, it is neces-
sary to measure the bulk density (ρb), if repacked samples
are to be used. Therefore, ρb values of the 6.5CS and
25CS samples were determined to validate whether the
6.5CS samples originating from the 25CS samples were
intact.
The ρb is defined as the weight of the oven-dried
mass (md) divided by its total volume (V T)
ρb = md
VT
(2)
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Figure 3. Experimental setup of constant-head permeameter test (CHPT) (black part) and integrated experimental setup of
modified CHPT (MCHPT) and tracer test (black and blue part).
where
md = (md + mb) − mb (3)
where mb is the weight of the empty dry bowl used to
contain the mass for weighing; V T is the total volume of
the core sample, expressed as
VT = π
(
DCS
2
)2
× L (4)
where DCS is the diameter of the core sample.
Concerning the 25CS samples, two pieces of the core
samples with a length of 5 cm from top and bottom were
cut off. So they were two samples for measuring ρb25CS .
Both the 6.5CS samples and the two portions from the
25CS samples were oven-dried at 105 ◦C for 24 h to obtain
md values for further calculation of ρb values.
Owing to the fact that the differences between the
ρb6.5CS value and the average value of two ρb25CS values
were <1% (Table 1), it was demonstrated that intact 6.5CS
samples with minimal disturbance were obtained.
Determination and Validation of Kv Values
The measured K v values were in the range between
5.1 × 10−6 and 1.6 × 10−4 m/s (Figure 6).
On the basis of the applicability at the laboratory
scale in the order of centimeters (Ptak et al. 2004), tracer
tests were used to yield the values of effective porosity
(ne) of the 25CS samples by three parallel tests per
sample for validation of K v values. The experimental
setup of the tracer tests was built into the CHPT system
with a tracer injector and a detector. As tracer, 1 mL of
10 g/L sodium chloride was used to monitor electrical
conductance.
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Table 1
Bulk Density of a 6.5-cm Core Sample (ρb6.5CS) Compared with Average Bulk Density of a 25-cm Core
Sample (ρb25CS)
D L V T md ρb ρb
Sample (cm) (cm) (cm3) (g) (g/cm3) (g/cm3)
Top sample from a 25-cm core sample 10.0 5.0 392.70 524.48 1.34 1.34
Bottom sample from the same 25-cm core sample 10.0 5.0 392.70 530.17 1.35
6.5-cm core sample 3.8 6.5 73.72 99.31 1.35 1.35
Figure 4. Methodological framework of modified constant-
head permeameter test (MCHPT).
According to Darcy’s law, ne values are calculated
from
ne = K × i
vd
(5)
where i is expressed as
i = H
L
(6)
and vd is the distance velocity, defined as the tracer
solution reaches distance (x ) between injection and
detection through the core sample in time (t); however, it
is normally calculated from
vd = vd,dom + vd,med2 (7)
where vd,dom is the dominant distance velocity obtained
from the cumulative concentration-time-curve where
tracer solution reaches the maximal concentration; and
vd,med is the medium distance velocity obtained from the
cumulative concentration-time-curve where tracer solution
reaches the concentration of 50% (Langguth and Voigt
2004; Todd and Mays 2005).
Furthermore, the ne values can be verified by the
porosity (n) that is closely related to ρb as
n = 1 − ρb
ρs
(8)
where ρs is the particle density and generally evaluated
as 2.65 g/cm3 for mineral soils and sediments (Vomocil
1965).
The range of n values in fine-to-medium sand is
0.4 to 0.5 (Freeze and Cherry 1979), complying with
geophysical borehole measurements in our observation
well. So all ne values must be <0.5; otherwise the
determination of K values is unconvincing.
Owing to the fact shown in Equation 5 that the
validity of ne values depends on that of vd values, the
trace solution should be precisely injected at the bottom
of the cylinder and detected at its top (Figure 3). The
ne25cs values were all <0.5 (Figure 7), which indicated
that MCHPT was suitable for determining the K v values
of the 25CS samples.
Adaption of the Experimental Setup
and Procedure
Sample Saturation Control
Owing to the fact that saturated hydraulic properties
are intended to measure, it is obvious that sample
saturation has to be guaranteed. However, the procedure of
sample saturation can be time-consuming, because trapped
air in the sediment pores tends to disappear only slowly
as water passes through the sample (Klute and Dirksen
1986). Notwithstanding that Freeze and Cherry (1979)
and Klute and Dirksen (1986) recommend de-aired water
to ensure air is excluded from the CHPT system and
a vacuum-wetting procedure, respectively, tap-water is
commonly used to conduct CHPT for measuring K in
sandy sediments. To reach a time-optimized saturation
point of samples, this procedure was modified by a control
formula.
On the basis of all determined K v and ne values of the
25CS samples, this formula was developed to calculate the
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Figure 5. Procedure for obtaining undisturbed vertical and horizontal core samples for measuring directional hydraulic
conductivities (DHC).
Figure 6. Vertical hydraulic conductivity (K v) of 25-cm core
samples (25CS) and horizontal hydraulic conductivity (K h)
of 6.5-cm core samples (6.5CS) in comparison with hydraulic
conductivity (K ) calculated by five empirical formulas. (1)
A–F represent six 1-m undisturbed core samples from the
depths of 111–112, 112–113, 113–114, 114–115, 147–148,
and 148–149 m below the surface, respectively; (2) the
numbers 0–25, 25–50, 50–75, and 75–100 mean a 25CS
sample with a depth from 0 to 25, 25 to 50, 50 to 75, and 75
to 100 cm, respectively.
amount of water (V w) continuously discharging through
the pore volume of a core sample (V s), that is, how
many times (P ) water exchanged in V s needed to reach
saturated conditions of the core sample to avoid repeated
measurements. This can be expressed as
Vw = Vs × P (9)
where
Vs = VT × ne (10)
As a result, uniform K v values of the 25CS samples
were obtained after 60 pore volumes were exchanged
(Figure 8), so V w for determining the saturated K h values
of the 6.5CS samples was quantified as 3.5 L by using
Figure 7. Effective porosity (ne) of 6.5-cm core samples
(6.5CS) and 25-cm core samples (25CS). (1) A–F repre-
sent six 1-m undisturbed core samples from the depths
of 111–112, 112–113, 113–114, 114–115, 147–148, and
148–149 m below the surface respectively; (2) the numbers
0–25, 25–50, 50–75, and 75–100 mean a 25CS sample with
a depth from 0 to 25, 25 to 50, 50 to 75, and 75 to 100 cm,
respectively.
60 times with an assumed generic maximum ne value in
fine-to-medium sand of 0.5.
Adaption of the Experimental Setup Based
on the Sample Size
First of all, owing to the small size of the 6.5CS
samples compared with previous samples used in CHPT,
it was necessary to ensure that the K values of the
experimental setup (K setup) were greater than the K values
of the samples (K sample). For that reason, a hollow cylinder
with the same size as the 6.5CS samples was taken
to measure K setup, that is, only water continuously ran
through the CHPT system. The K setup values (Figure 9a)
were far greater than the largest K values determined
by different methods (Figure 6), which indicated that the
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Figure 8. Variation of vertical hydraulic conductivity (K v%)
to reach a saturation point of 25-cm core samples in relation
to times (P ) of water exchanges in the volume of core sample
space. Kv% = Kv,i −Kv,sKv,s × 100% where K v,i is unsaturated K v
and K v,s is saturated Kv.
6.5CS samples were applicable in the experimental setup
of MCHPT.
In the second place, K values should be constant at
different i , because there is a linear correlation of Q and i
according to Darcy’s law. However, the K and Q values
at different i shown in Figure 9 were inconsistent with
this statement. Klute and Dirksen (1986) commented that
the resulting Q values will be less than those predicted by
the Darcy equation, if i is too large. As noted, i had to be
<1 to ensure the validity of the Darcy equation applied
to the 6.5CS samples.
Third, the upper limit on the range of validity of
Darcy’s law is much more practically important, because
Darcy’s law is only valid at laminar flow conditions and
Figure 10. Hydraulic conductivity (K ) of glass beads in a
cylinder with the same size as 6.5-cm core samples (6.5CS)
at different hydraulic gradients (i ) with tubing diameters
(TD) of 6 and 8 mm.
breaks therefore down at very high flow rates (Bear 1972;
Todd and Mays 2005). To distinguish between laminar and
turbulent flow, the Reynolds number (Re), a dimensionless
number that expresses the ratio of inertial to viscous
forces, is consequently widely used in fluid mechanics
(Falkovich 2011). For flow through porous media in a
pipe, Re is generally defined as
Re = ρ × Q × DP
μ × A (11)
where ρ is the fluid density; μ is the dynamic viscosity;
and DP is the pipe diameter (Falkovich 2011).
Darcy’s law is valid as long as Re is in the range of
values between 1 and 10, where all flow is laminar (Bear
1972; Freeze and Cherry 1979). Moreover, the tubing
(a) (b)
Figure 9. Hydraulic conductivity (K ) (a) and volumetric flow rate (Q) (b) of a hollow cylinder with the same size as 6.5-cm
core samples (6.5CS) at different hydraulic gradients (i ).
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Figure 11. Reynolds number (Re) for flow through glass
beads in tubing with diameters (TD) of 6 and 8 mm at
different hydraulic gradients (i ).
diameter has been found to have an important effect on the
superficial friction (Govier and Short 1958). Therefore,
it would be expected to obtain constant K values at
restricted different i by modifying the tubing diameter
on the premise of fitting the CHPT system.
To get an idea of the maximum i at certain tubing
diameters, homogenous glass beads (GB) with diameters
of 1.00 to 1.30 mm, classified by sedimentological criteria
as coarse sand, were used as testing samples for control-
ling the measurement precision. The tubing diameter was
modified from 6 to 8 mm (Figure 3). The K GB values
(Figure 10) were less than the K setup values (Figure 9),
which supports the reliability of the method. The K GB val-
ues determined by CHPT with modified tubing of greater
diameter remained constant at different i of values from
0.15 to 0.92. In this range of i , the Re values in the tub-
ing with a diameter of 6 mm were all <1, while the Re
values in the tubing with a diameter of 8 mm were in the
range between 1 and 10 at different i of values from 0.46
to 0.92 (Figure 11). That implies that the tubing diam-
eter should be at least 8 mm to guarantee Darcy flow
conditions.
Consequently, the K h values of the 6.5CS samples
can be determined at H of 6 cm by MCHPT.
Determination and Validation of Kh Values
To demonstrate that MCHPT is suitable for deter-
mining the K h values of the 6.5CS samples, these val-
ues and the ne6.5cs values were checked. The K h values
were in the range between 1.3 × 10−5 and 3.4 × 10−4 m/s
(Figure 6), and therefore were greater than the K min value
of 1.7 × 10−6 m/s and less than the K setup value at H of
6 cm of ∼8.0 × 10−4 m/s. Meanwhile, the ne6.5cs values
were all <0.5 (Figure 7). Thus, the K h values determined
by MCHPT were convincing.
Comparison of MCPHT with Grain Size-Based
Methods
As noted, K values estimated by sieving tests rep-
resent neither K h nor K v values. However, Vienken and
Dietrich (2011) pointed out that K values from sieving
tests would likely be less than K h values but greater than
K v values. This only applies for homogenous samples
without layering, as in our study. Therefore, sieving tests
could be used to validate the consistency of K h and K v
values.
Numerous empirical and semiempirical formulas can
be used to calculate K values from grain size distribution
performed by sieving tests. Some of them, such as the
Kozeny-Ko¨hler formula and the Terzaghi formula, have
large uncertainty in the calculation of K values due to
the estimation of n (Vienken and Dietrich 2011). So
the empirical formulas listed in Table 2 were used to
conduct a comprehensive assessment in fine-to-medium
sandy sediments.
After determination of K h values by MCHPT, the
sieving samples were collected from the 25CS samples,
taken as a basis for preparation of the 6.5CS samples,
Table 2
Summary of Applied Empirical Formulas for Calculating Hydraulic Conductivity (K ) (After Vienken and
Dietrich [2011])
Name Formula K in
Relevant
Parameter
Application
Range References
Hazen K = CH × d210 × (0.7 + 0.03 × T )
T = temperature
C H = 1000 (coefficient)
m/d d10 in mm U < 5
0.1 < d10 < 3 mm
Hazen (1892)
Chapuis (2004)
Beyer K = CB × d210
CB = log 500U
m/s d10 in mm U < 20
0.06 < d10 < 0.6 mm
Beyer (1964)
Vukovic and Soro (1992)
USBR K = 0.0036 × d2.320 m/s d20 in mm U < 5 Vukovic and Soro (1992)
Seelheim K = 0.00357 × d250 m/s d50 in mm — Seelheim (1880)
Kaubish K = 100.0005P2−0.12P−3.59 m/s P < 0.06 mm in % 10% < P < 60% Kaubisch and Fischer (1985)
Kaubisch (1986)
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Figure 12. General methodological framework of modified constant-head permeameter test (MCHPT) for measuring and
verifying directional hydraulic conductivity (DHC) in fine-to-medium sandy sediments.
and mixed with the three parallel 6.5CS samples. The
specific procedure was performed according to Langguth
and Voigt (2004).
All the K h values were on average ∼2.3 times greater
than K v values (Figure 6). For medium sandy sediments,
the K Hazen, K Beyer, and K kaubisch values were less than
the K h values and greater than the K v values. However,
the K USBR values were within the range between K h
and K v values in fine sandy sediments. So DHC values
would depend on d10 or lower values in medium sandy
sediments, but depend on d20 in fine sandy sediments.
This may be the reason why the DHC values in medium
sandy sediments were greater than those in fine sandy
sediments. Consequently, the validity of consistent K h and
K v values was convincing.
Summary and Conclusions
This research established an integrated laboratory
method, called modified CHPT (MCHPT), for the effi-
cient determination and verification of consistent DHC
values in fine-to-medium sandy sediments based on a
new methodological framework. The key findings are
summarized as follows:
• Undisturbed 25CS and 6.5CS samples were obtained
for measuring K v and K h respectively by a newly
developed method. The integrity of the 6.5CS samples
from the 25CS samples was validated by bulk density,
which indicated that the differences between the ρb6.5CS
value and the average value of two ρb25CS values were
<1%.
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• A precise and standardized procedure for preparing the
experimental setup of MCHPT was conducted based
on an integrated experimental setup of CHPT and
tracer tests by modifying the outer tubing diameter
of 8 mm and the tracer injection point for the valid
applicability of the Darcy equation. Moreover, a
formula (Equation 9) was provided for the time-
optimized control of sample saturation.
• The determination of K h and K v values showed that all
the K h values were on average ∼2.3 times greater than
the K v values, and both of them were greater than the
K min value but less than the K setup value. They were
validated by tracer tests with ne values <0.5.
• In comparison with grain size-based methods, the
validity of consistent K h and K v values determined by
MCHPT was convincing.
Overall, an efficient, precise, and applicable method-
ological framework of MCHPT for the general determi-
nation and verification of DHC values in fine-to-medium
sandy sediments can be obtained for further investigation
(Figure 12).
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